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[57] ABSTRACT 

A method for consolidating powdered material to near net 
shape and full density is provided. The method includes the 
steps of: mixing a particulate material with an organic or 
inorganic binder to form a mold material; shaping the mold 
material into a mold having a shape and including an 
external surface and an interior cavity and being of sufficient 
solidity to maintain its shape yet being compressible under 
pressure; ?lling the interior cavity with a powdered material 
to be consolidated; heating the mold with the powdered 
material therein to form a heated ?lled mold; applying 
pressure to the external surface of the mold sufficient to 
compress the mold material and transfer a pressurizing force 
to the powdered material within the mold cavity so as to 
consolidate the powder and form an article; and removing 
the article from the mold. In an alternative method, the mold 
material is made of a particulate material which is held in the 
shape of the mold by a vacuum. 

1 Claim, 12 Drawing Sheets 

1001 

1003 



U.S. Patent Dec. 22, 1998 Sheet 1 0f 12 5,851,568 



U.S. Patent Dec. 22, 1998 Sheet 2 0f 12 5,851,568 

,, an; 

Hg, my 



U.S. Patent Dec. 22, 1998 Sheet 3 0f 12 5,851,568 

3 

, was 



U.S. Patent Dec. 22, 1998 Sheet 4 0f 12 5,851,568 



U.S. Patent Dec. 22, 1998 Sheet 5 0f 12 5,851,568 

SE33 ' 

H531 

Fig, 3} 





5,851,568 2 1 f 0 

7 a 

w a 

h {it mm 

S 2 

8 9 9 1 29 2 G e D U.S. Patent 



U.S. Patent Dec. 22, 1998 Sheet 8 0f 12 

12a‘ 
.... .. ./1220 

Zb _/ 
B22 5‘ ' 

1225 1226 
L22 1219 

FIG. 80 

1218 

1221 

FIG. 8b 

1218 
1228 , I 

"—“ 1220 

1221 1219 

5,851,568 



U.S. Patent Dec. 22, 1998 Sheet 9 0f 12 5,851,568 

901 

903 

Fig. 9(a) 

Fig. 9(b) 

Fig. 9(c) 



U.S. Patent Dec. 22, 1998 Sheet 10 0f 12 5,851,568 

1003 

Fig. 10(a) 

1008 1004 

1003 

Fig. 10(b) 







5,851,568 
1 

HEX-DIRECTIONAL PRESS FOR 
CONSOLIDATING POWDERED MATERIALS 

This application is a divisional application of application 
Ser. No. 08/512,221, ?led Aug. 7, 1995. 

FIELD OF THE INVENTION 

The present invention relates to a hot isostatic pressing 
method used for manufacturing metallic, intermetallic, 
ceramic, composite, hybrid, and coated articles from poW 
dered materials. More particularly, the invention relates to a 
method Which results in articles With simple or complex 
geometry Which have net or near-net shape, and Zero or 
near-Zero porosity. 

BACKGROUND OF THE INVENTION 

It is Well knoWn that articles With complex shapes may be 
produced by casting or poWder metallurgy. The speci?c 
method used depends on the material of the article and other 
considerations. In metal casting, a sand mold is ?rst pro 
duced With a desired cavity shape. Metal is melted and cast 
into the mold. After solidi?cation and separation from the 
sand, a metal article is produced. One advantage of metal 
casting is that it is inexpensive and capable of producing 
products of various shapes and siZes in either high or loW 
volume production. The limitation of using metal casting is 
its applicability only to materials With relatively loW melting 
points and good castability. 

PoWder metallurgy (PM) is a method used to produce 
articles from poWdered materials. PoWder metallurgy Was 
originally developed because there Were no means to melt 
metal materials With high melting points. Modern powder 
metallurgy has been developed to offer many advantages 
Which cannot be attained by any other metalworking pro 
cesses. These advantages include (a) precise production 
control; (b) applicability to various composites; (c) unusual 
physical and mechanical properties; (d) reduced machining 
and ?nishing; (e) less material usage; and good repro 
ducibility. 

Since PM articles are made of poWdered materials, it is 
naturally desired, in most cases, to eliminate all voids 
betWeen particles during the consolidation process. This is 
important to ensure good mechanical properties, especially 
to those advanced and void sensitive materials such as 
ceramic, intermetallic materials, and their composites. One 
Way to achieve Zero or near Zero porosity of PM articles is 
to use the hot isostatic pressing technique (HIP). 

Prior art isostatic pressing techniques present certain 
problems and disadvantages. Solid particles have been 
employed as a pressure transmitting medium, but it is 
dif?cult to achieve an isostatic or pseudo-isostatic pressing 
environment in a press With such particles. In addition, When 
solid particles are so employed, it is dif?cult to separate the 
molded article from the pressure transmitting medium. This 
separation is critical When molding ceramic articles because 
ceramic materials are brittle and it may not be feasible to 
shake or shock such materials. 

SUMMARY OF THE INVENTION 

It is an object of the present invention to utiliZe particu 
lates mixed With binders as both pressure transmitting and 
molding media. According to the invention, a pattern is 
prepared and then a mixture of particulates and binder is 
charged over it to produce a mold With the desired cavity, 
after the binder is cured. ApoWdered material is fed into the 
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2 
cavity to form the article geometry. The mold serves as a 
pressure transmitting medium during the consolidation pro 
cess. 

After feeding a poWdered material into the mold cavity, 
the strength of the mold can be lost by debinding if a 
container is used to maintain the mold shape. It is therefore 
preferable to heat the mold With poWdered material to be 
consolidated in the cavity. The mold and poWdered material 
is heated selectively or homogeneously by an induction, 
resistance, gas, oil, or microWave furnace. Reactions 
betWeen different poWders can be controlled be providing 
atmospheres including organic and inorganic vapor, so as to 
synthesiZe, in situ, neW materials during heating. After 
completion of heating, the mold is quickly transferred into 
a special die on Which a thermal insulation and lubrication 
coating is preferably applied. 
The present invention offers several combinations of mold 

external geometries, internal geometries of pressing dies, 
and pressing systems, Which can achieve a pseudo-isostatic 
pressing environment. 

According to the present invention, a preform is trans 
ferred into a pressing die With the mold surrounding it. 
Therefore, the mold can serve as a thermal insulator, or even 
a heater if an exothermal reaction occurs Within the mold 
material. An adjacent atmosphere of poWdered materials is 
controllable by additives in the mold. The molds and cores 
may also serve as a pressure transmitting medium, thermal 
reservoir, heat transmitting medium, and liquid absorber 
With or Without the assistance of solid or liquid additives. 

The present invention solves the problem of separation of 
molded ceramic articles from the pressure transmitting 
medium since the invention uses special molding media 
Which are readily collapsed With simple treatment. 

The present invention solves problems encountered in 
feeding dry poWdered materials into complex cavities by 
providing a Wet poWder feeding, in Which the poWders can 
be fed to everyWhere in a cavity, and the porous mold can 
then absorb the liquid vehicle to accelerate drying. 
The major advantages of the present invention are: (1) 

great ?exibility, (2) high product quality, (3) high production 
rate, (4) competitive production cost, and (5) capability of 
consolidating poWdered materials at very high temperatures 
(over 3000° C.) and pressures (over 1.5 GPa). 

BRIEF DESCRIPTION OF THE DRAWINGS 

The present invention may be more fully understood With 
reference to the accompanying draWings, Wherein: 

FIGS. 1(a)—(z) illustrate a typical set of process steps 
involved in a method according to the present invention; 

FIG. 2 illustrates a mold according to the present inven 
tion comprising a cope and drag, along With a method of 
?lling the mold With a material to be consolidated; 

FIGS. 3(a)—(c) illustrate a method to produce an article 
according to the present invention Which has a coating 
thereon; 

FIG. 4 illustrates a method of dry feeding a poWder to be 
consolidated into a mold according to the present invention; 

FIGS. 5(a)—(c) illustrate molds of pressure transmitting 
medium according to various embodiments of the present 
invention; 

FIGS. 6(a)—(b) illustrate a mold according to the present 
invention before and after a compaction process shoWing the 
relative compaction vectors resulting from the process; 

FIGS. 7(a)—(d) illustrate various compaction processes 
according to the present invention and the resultant com 
paction vectors; 
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FIGS. 8(a) illustrates a pseudo-isostatic pressing system 
according to the present inventions; 

FIGS. 8(b) is a cross-section taken along line 8b—8b of 
the system of FIG. 8(a); 

FIGS. 8(c) illustrates another pseudo-isostatic pressing 
system according to the present invention; 

FIGS. 9(a)—(c) shoW a structure of a hex-directional 
pressing system according to the present invention With 
means for loading and unloading a mold according to the 
invention; 

FIGS. 10(a)—(b) shoW the structure of a hex-directional 
press having six short arms and used in accordance With a 
method of the present invention; and 

FIGS. 11(a)—(c) shoW an induction heating apparatus used 
in conjunction With a method of the present invention; 

FIG. 12 is a ?oW diagram shoWing an automatic produc 
tion line according to a method of the present invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

FIG. 1 illustrates a typical sequence of steps comprising 
a method of the present invention. As shoWn in FIG. 1(a), 
the method starts With a blue print 001 of an article com 
prising a Wheel to be produced from a poWdered material or 
a mixture of poWdered materials. FIG. 1(b) shoWs a plate 
pattern 101 having positioning pins 102 and a core projec 
tion 103 for making a mold cope 406 as shoWn in FIG. 1(k). 
FIG. 1(c) shoWs a plate pattern 104 having positioning pins 
105 and a core projection 106 for making a mold drag 410 
as shoWn in FIG. 1(l Plate patterns 101 and 104 are made 
in accordance With the blueprint 001. FIG. 1(a) shoWs a core 
box 501 for making a half core 502, as shoWn in FIG. 1(i), 
Which constitutes part of the mold. 

The precursor materials for the mold comprise particu 
lates 201 and a liquid binder 202 as shoWn in FIG. 1(e). FIG. 
1(}‘) discloses a muller mixer 301 Which is used to mix the 
particulates 201 and binder 202 together. 

FIGS. 1(g) and 1(h) illustrate a method of forming of the 
mold. cope 406 and mold drag 410 by using jolt squeeZe 
molding machines 401 and 408, respectively. As shoWn in 
FIG. 1(g), the jolt squeeZing machine includes: a punch 407 
for applying pressure and compacting the mold material; a 
die or ?ask 405 for making a cope 406; an anvil 403 for 
supporting the pattern 101, mold material and ?ask; a 
ram-jolt piston 402 for the anvil; and injection cylinders 404 
for separating the mold 406 from the pattern 101. The 
positioning pins 102 of pattern 101 ?t into complementary 
holes formed in the bottom of the die or ?ask 405 and align 
the pattern and die With one another. Rods 412‘ and 413‘ are 
placed on pattern 101 at locations Where it is desired to have 
a sprue and a vent hole, respectively, in the ?nished cope. 

LikeWise, FIG. 1(h) shoWs a jolt squeeZing machine 
Which includes a punch 411 for applying pressure and 
compacting the mold material; a die or ?ask 409 for making 
a drag 410; an anvil 403 for supporting the pattern 104, mold 
material and ?ask; a ram-jolt: piston 402 for the anvil; and 
injection cylinders 404 for separating the mold 410 from the 
pattern 104. The positioning pins 105 of pattern 104 ?t into 
complementary holes formed in the bottom of the die or 
?ask 409 and align the pattern and die With one another. As 
punches 407 and 411, respectively, compact the mold mate 
rials under pressure, the cope and drag are formed. Holes 
(not labelled) are provided in the patterns 101 and 104 to 
receive injection noZZles from cylinders 404. 

FIG. 1(i) shoWs a cross section of a core box 501 With a 
half core 502 inside, ready to be stripped from the box. The 
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4 
core is made out of the same or different molding material. 
In one embodiment, a less compressible material is used for 
the core than for the mold cope and drag. Core material is 
heaped into the cavity of the core box and compressed or 
rammed into the cavity by a press or ram to make a 
half-core. In one embodiment, the mixture of sand and 
binder is fed into the core half box 501, rammed, and 
scraped doWn With a tool. The half-core is then stripped from 
the core box by shaking, shocking, scraping tools, or by 
other suitable methods. TWo half-cores are then bounded 
together With a binder to form a Whole core. FIG. shoWs 
tWo half cores Which have been bonded together to form a 
one piece core 503. 

FIGS. 1(k) and 1(l) shoW the cope 406 and drag 410, after 
being stripped from the dies 405 and 409, respectively. 
Patterns 101 and 104 have been removed from the cope and 
drag, respectively, leaving cavities 414 and 415 thereWithin. 
PassageWays 412 and 413 are formed in the cope 406 for the 
purposes of poWder ?lling and air venting, respectively. 
PassageWays 412 and 413, and similarly sprue 416 (shoWn 
in FIG. 4), are formed during the mold forming steps shoWn 
in FIGS. 1(g) and Bars or rods are placed in desired 
positions to act as passageWay patterns. After mold 
formation, the rods 412‘ and 413‘ are removed from the cope 
to leave sprue 412 and vent hole 413 in the ?nished cope. 
Cavities 414 and 415 are coated With a slurry 601 using a 
sprayer 602. 

FIG. 1(m) shoWs the coating being sprayed on the core 
surface. FIG. 1(n) shoWs the assembled mold With a cope 
and a drag, forming cavity 702 having the same shape as the 
Wheel 001 but an enlarged siZe to compensate for later 
consolidation shrinkage. The cope and drag are assembled 
together by a binder applied on the contact surface 701 or by 
mechanical means. During poWder feeding it is necessary to 
keep the cope and drag held tightly together. After feeding 
is complete, less holding force is required. For temporary 
tight holding, a Weight on the cope may be used or a clamp 
may be used to hold the cope and drag together. 
Alternatively, clamps inserted Within the cope and drag can 
be used to hold them together. 

FIG. 1(0) represents both the poWdered material 801 to be 
used for manufacturing the Wheel 001, and a selected 
carrying liquid 802. The liquid facilitates feeding of the 
poWdered material 801 into, e.g., the cavity 702 shoWn in 
FIG. Although the poWdered material can be fed in Wet 
or dry form, FIG. 1(p) represents preparation of a Wet form 
by mixing the poWdered material 801 With the liquid 802 
using a blender 803. FIG. 1(q) shoWs an injector 804 
charged With mixture of poWder and liquid. FIG. 1(r) 
illustrates a Wet feeding of the mixture into cavity 702 
through passage 412 using injector 804. Air is vented 
through the venting passage 413 When the Wet mixture 
occupies cavity 702. Due to the porous nature of the mold 
material, liquid may be sucked into or absorbed by the 
surrounding mold material to concentrate the poWdered 
material to be consolidated and promote drying. 

FIG. 1(s) illustrates the step of heating the mold to heat, 
degas and debind the poWdered material. Heating can be 
performed in an induction or resistance furnace. The furnace 
1201 includes an induction coil or heating elements 1202. 
The interior of the furnace may contain a vacuum, an inert 
gas atmosphere, or air. 

The poWdered material in the cavity 702, if it is metallic, 
can be selectively heated by induction current generated by 
an induction coil 1202. If the Whole or partial mold of 
pressure transmitting medium is made of graphite or metal, 
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the mold can be heated by induction current; otherwise, the 
mold is heated in a different type of furnace. 

The heated mold is then removed from the furnace and 
transferred from the furnace 1201 of FIG. 1(s) into the single 
taper die 1207 shoWn in FIG. 1(t) having a lubricant and 
thermal insulation coating on the inner surface thereof. The 
mold 420 is compressed by the top punch 1206. The bottom 
punch 1204 de?nes an annular free space 1205 into Which a 
portion of the pressure transmitting medium of the mold 
may ?oW. The purpose of the space is to alloW the Whole 
mold to be able to move doWn, and the side surface 1209 
causes compaction of the mold material thereby causing 
consolidation of the poWdered material Within the mold 
cavity. 

The mold body transfers the pressure pseudo-isostatically 
on the poWdered material to consolidate the material into a 
fully dense article at an elevated temperature. 

FIG. 1(u) shoWs the mold of pressure transmitting 
medium, after compression, ejected out of the die by the 
bottom punch 1204. FIG. 1(v) represents the mold of pres 
sure transmitting medium, after consolidation, placed on a 
shakeout device 1301 to separate the article from the 
medium. FIG. 1(w) represents a separation method by 
burning as represented by ?ames 1302. Burning can be used 
if the mold comprises combustible material. Only enough 
burning of the mold to easily collapse it is necessary. 

FIG. 1(x) represents a separation method by immersing a 
mold/pressure transmitting medium into Water 1304. The 
mold/pressure transmitting medium Was initially made of 
CaCO3 and become CaO after decomposition of CaCO3 at 
about 900° C. The CaO mold reacts With Water to form 
CaOH 1305 Which Will lose strength. 

FIG. 1(y) shoWs a surface cleaning method by sand 
blasting in a chamber 1403. A noZZle or centrifugal Wheel 
1401 and an abrasive sand or steel shot 1402 are provided. 
FIG. 1(2) represents a reclamation of mold medium 1501 by 
re-classi?cation using a screen 1502. Screened material 
1503 has passed through the screen 1502. 

FIG. 2 illustrates another embodiment of the present 
invention Wherein a ?ber preform 704 is used for producing 
a ?ber reinforced article. First, the preform 704 is placed in 
the cavity of the mold. A slurry 707 containing matrix 
material poWder is poured into the cavity through a pas 
sageWay 412. The slurry is of a viscosity Which alloWs it to 
How freely betWeen ?bers and ?ll the spaces betWeen ?bers. 
After drying and consolidation, a ?ber reinforced article 
results. As shoWn in FIG. 2, another solid or a poWdered 
preform 705 can be diffusely bonded to the preform 704. To 
promote bonding, the bonding surface 706 of the preform 
705 is ?rst cleaned. In addition, one or more inserts 703 
comprising a solid material Which is preferably non 
compressible can be inserted in the mold and used in 
conjunction With the mold to provide a molded article 
having good surface ?nish and accurate dimensions. For 
example, if it is desired to produce an article having an 
opening therein of a speci?c diameter, an insert having an 
outer diameter of the desired resultant diameter can be 
positioned in the mold to form the opening and prevent 
consolidated material in the mold from compressing to a 
smaller diameter opening. 

In another embodiment, the insert 703 is made of the same 
poWder material as that of the body 704, such that the same 
shrinkage rate is achieved for the insert and the poWdered 
body, thus avoiding potential cracks during consolidation. 
An isolation coating 603 is provided on the preform 703 to 
prevent the direct contact betWeen the preform and the 
insert. 
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6 
FIGS. 3(a)—(c) shoW a Way to produce an article having 

a coating made of a coating material 604. The coating 
material comprises a poWder mixed With binder and liquid 
to form a slurry of coating material 604. The slurry is poured 
(FIG. 3(a)) and drained (FIG. 3(b)) to generate a coating 605 
on the mold cavity surface. If desired, multi-layer coatings 
of the same or different materials can be applied by repeating 
the above operations. PoWder to be consolidated is then fed 
into the cavity. After degassing and debinding, the poWder is 
then consolidated at an elevated temperature and under high 
pressure such that the poWder and the coating material bond 
together. 

FIG. 4 illustrates a method of dry feeding poWder 902 to 
be consolidated into a mold of the present invention. Pas 
sageWays 412 and 416 in the form of sprues are each 
provided for feeding poWder and venting gas displaced by 
the poWder. The funnel shape at the open end of the sprues 
are formed by scraping out the mold material With a tool or 
by the shape of the passageWay patterns. A vibrator 901 is 
used to vibrate the mold during poWder feeding for assisting 
poWder How and packing the poWder. 

FIGS. 5(a)—(b) shoW a mold of pressure transmitting 
medium bonded by an organic binder With the poWder 1104 
inside of the cavity. The mold comprises a cope 406 and drag 
410. The mold is made of a particulate material and organic 
binder. PoWder 1104 to be consolidated has been fed into the 
mold cavity and takes the form of a poWder body. The mold 
is disposed Within a can 1101 made of a graphite, ceramic or 
metallic material. The can 1101 includes a cover 1102 
having venting holes 1103 therein. After degassing and 
debinding the mold material, the mold becomes a package of 
loose particulates 1105 but its shape remains unchanged as 
does the shape of the poWder body inside. The poWder is 
then consolidated in an appropriate manner. 

The poWder used in the embodiments of FIGS. 5(a) and 
5(b) can be consolidated by either high temperature pressing 
or pressureless sintering. Pressure can be applied by 
mechanical means or as gas pressure. After decomposition 
of organic binder at the elevated temperature, the mold 
material of FIG. 5(a) becomes a package of loose particu 
lates as shoWn in FIG. 5(b). The heated can With the poWder 
inside is then quickly transferred into a die and compressed, 

in a similar fashion as shoWn in FIGS. 1(s), 1(t), and During compression, the cover 1102 and the can 1101 are 

destroyed by pressure. In some situations, the cover 1102 is 
not required as the can 1101 holds the particulates in a 
desired shape With or Without the cover. 

If gas pressure is used, the entire loaded can shoWn in 
FIG. 5(a) is heated in a regular hot isostatic pressing unit 
under vacuum. When the temperature Within the unit is high 
enough and held for a long enough time, the poWdered body 
inside the mold cavity is sintered to near full density, i.e., 
remaining voids are isolated. High pressure gas is then 
introduced to the unit and applied on the external surfaces of 
the poWdered body. The poWdered body Within the mold 
cavity is thus consolidated to high density and the can 
remains in tact. 

FIG. 5(c) shoWs a permanent mold assembled from a cope 
418 and a drag 417, and having poWder 419 loaded inside. 
The permanent mold can be made of graphite, ceramic or 
metallic particulates bonded With an inorganic binder. The 
poWder is consolidated by heating the permanent mold in a 
furnace. The mold can be reused many times. 

Mechanical force is not applied to the permanent mold of 
FIG. 5(c). The poWder inside is instead consolidated by 
pressureless sintering, or by gas pressure sintering in a 
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regular hot isostatic pressing unit in the same manner 
discussed above With respect to FIGS. 5(a) and 5(b). During 
pressureless or gas pressure sintering of an article in a 
permanent mold, the permanent mold halves 417 and 418 
can be held together by organic binder or simply by the 
Weight of cope 418 resting on drag 417 Within a hot isostatic 
pressing unit. Pressureless sintering is based on the tendency 
of ?ne particles Which have high surface energies to reduce 
their collective surface energy by consolidating to form 
larger particles. 

FIGS. 6(a) and 6(b) schematically illustrate the homoge 
neous compaction of a mold of pressure transmitting 
medium 420 using a single taper die 1207. During compac 
tion of the mold material, a top punch 1206 of the die travels 
doWn a distance Trp. As the top punch moves doWn, a 
portion of the mold enters into a space 1205 provided in the 
bottom portion of the die cavity thus enabling the Whole 
mold 420 to travel doWn in the vertical direction Trv and to 
travel at a sliding direction TrB. The surfaces 1208 of the 
single taper die are coated With a lubricant and thermal 
insulation material. The bottom punch 1204 remains still 
during the compaction process. The resulting contraction 
from the top to the center is CFC, from the bottom to the 
center is Cb_C, from the left side to the center is CIS_C, and 
from the right side to the center is C,S_C. The vertical 
contraction rate is calculated according to the formula: 

Cv%=(CH+Cb’c)/h 

and the transversal contraction rate is: 

Ct,-%=2><C,SicD,-=2><TrVxsin OL/Dl 

Where 

h: initial height of the mold of pressure transmitting 
medium 

0t: half taper angle 
pi: diameter at the cross section i 

Proper mold and die design can make the vertical and 
transversal contraction rates the same or very close. 

FIG. 7(a) shoWs a pseudo-isostatic compaction technique 
using a dual directional pressing. A specially shaped mold of 
pressure transmitting medium 421 is placed into a die 1212. 
A top punch 1210 is used to eXert pressure on the top of the 
mold. A bottom punch 1209 has the same shape as the top 
punch but eXerts a pressure on the bottom of the mold. 
Channels 1211 are provided to alloW a portion of the mold 
to enter as it is deformed under pressure. The result is a 
relative movement betWeen the mold of pressure transmit 
ting medium and the special shape of the punch, thus 
providing side compaction of the mold. 

FIG. 7(b) shoWs another dual directional pressing tech 
nique. A die 1217 is provided in combination With a top 
cylindrical punch 1215, a top tube punch 1216, a bottom 
cylindrical punch 1213, and a bottom tube punch 1214. 
During compaction of the mold 422, the tWo cylindrical 
punches 1213, 1215 travel at the same speed toWard each 
other. The tWo tube punches 1214, 1216 also travel at the 
same speed relative to one another, but the tube punches 
travel faster than the cylindrical punches. The resultant 
travel speeds in the directions Trim, Trt, Tr?n, Trbln, Trb, and 
Trbm are the same or close. FIG. 7(c) shoWs the beginning 
shape of the mold of pressure transmitting medium 422 
before compaction, and the notations of the various travel 
ling variables. FIG. 7(LD shoWs the ?nal shape of the mold 
422 after compaction of the mold and the ?nal relative travel 
speeds and directions of the applied compaction force. The 
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8 
travel speed of the side surfaces at normal directions to the 
surfaces is equal to: 

Trtm=Trhxsin or 

Where 
Trim: travel speed of the top right surface in the normal 
direction 

Tr”: travel speed of the top right surface in the vertical 
direction 

0t: angle shoWn in FIG. 7(c). 
The design principle is to make Tr, and Trb, the travel speeds 
of the top and bottom surfaces, equal to Tr?n, Trtm, Trbln and 
Trbm, the travel speeds of the top and bottom, left and right 
surfaces, respectively, in the normal directions. 

FIG. 8(a) shoWs a pseudo-isostatic pressing system 1218 
having a cover 1220, a die body 1219, and siX punches 
1221—1226 Which are symmetrically arranged. Punch 1224 
opposes punch 1223 and cannot be seen in the Figs. The 
cover 1220 and the top punch 1222 can be moved aWay from 
the die body to accept a mold of pressure transmitting 
medium in the press cavity. 

FIG. 8(b) is a cross sectional vieW of the system of FIG. 
8(a) taken along line 8b—8b of FIG. 8(a). During compac 
tion of the mold, the siX punches 1221—1226 move at the 
same speed toWard the mold to compress the mold 1227 
isostatically or pseudo-isostatically. 

FIG. 8(c) shoWs an alternative siX punch pressing system. 
The mold of pressure transmitting medium 1228 is shaped as 
a cubic With siX short arms. The isostatic, or pseudo-isostatic 
compaction is performed by pressing the siX short arms of 
the mold. 

FIGS. 9(a)—(c) shoW a typical structure of a hex 
directional press With means suited for loading and unload 
ing a mold. The press consists of cylinders 901, 902, 903, 
904, and tWo other cylinders perpendicularly situated and 
not shoWn, one in the front and one in the back. The 
cylinders can be driven by hydraulic pressure, or com 
pressed air if impact forging is desired. A connection bolt 
907 secures a cylinder 902 to a single piece die 908, as does 
a connection bar 910. A cylinder punch 909 With a square 
head is operatively connected to the cylinder 902. FIG. 9(a) 
shoWs the position of a mold 920 Which has been transported 
from a furnace to the position by a conveyor or a pushing 
cylinder. The mold is then pushed by a cylinder punch 905 
by actuating cylinder 904, into the die in a ready pressing 
position shoWn in FIG. 9(b). After pressing, cylinder 904 
retracts and cylinder 902 is actuated to push the mold out of 
the die and into position for a conveyer or a pushing cylinder 
to transport the compressed mold aWay, as shoWn in FIG. 

9(c). 
FIGS. 10(a) and 10(b) shoW a hex-directional press for 

pressing a mold 1020 having siX short arms. The press 
consists of siX main cylinders 1001, 1002, 1003, 1004, and 
tWo others not shoWn, for pressing a mold. An auXiliary 
cylinder 1007 is also provided for opening and closing the 
die. There are four connection bars 1008, tWo of Which are 
shoWn, Which also serve as slide guiding bars for cylinder 
1004. Cylinder 1004 and 1007 are connected together. FIG. 
10(a) shoWs the position of a mold 1020 to be inserted into 
the die and FIG. 10(b) shoWs the mold 1020 in the ready 
pressing position. 

FIGS. 11(a)—(c) shoW an alternative induction heating 
furnace Which can be used in the methods of the present 
invention to overcome draWbacks of the prior art. According 
to the present invention, a metal article or metal poWdered 
body surrounded by a mold of the invention cannot be 
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ef?ciently heated in a conventional induction heat furnace. 
This is because gaps betWeen the article and the copper 
heating coils of the furnace cannot be minimized due to the 
mold surrounding the article. The furnace of FIGS. 11(a)—(c) 
overcome this problem. 

FIG. 11(a) is a novel induction heating furnace according 
to an embodiment of the present invention. FIG. 11(b) is a 
cross-sectional vieW taken along lines 11b—11b of FIG. 
11(a). FIG. 11(b) shoWs a mold With a metal poWdered body 
or solid piece 1712 therein. The body or piece 1712 Within 
the mold is placed betWeen the upper and loWer poles of a 
C-shaped magnetic concentrator 1706 and supported by a 
bottom plate 1714 made of a non-conductive material. The 
mold can be inserted into the induction heating chamber 
manually or by a pneumatic cylinder. Copper coil 1715 
surround the concentrator 1706 as shoWn in FIG. 11(c), 
Which is a cross sectional vieW taken along line 11c—11c of 
FIG. 11(b). Magnetic ?ux is concentrated inside of the 
C-shape of the concentrator and inside the mold. 

The magnetic concentrator can be made of silicon-steel 
laminations and/or ferrite and iron poWder composites. A 
furnace chamber 1705 is installed With a top glass WindoW 
1713 and bottom plate 1714 made of a non-conductive 
material, as Well as tWo pneumatically driven doors 1702 
and 1703. The chamber 1705 is connected to a vacuum 
system 1707 and a gas ?lling system 1709 to achieve either 
vacuum conditions, reducing gas atmospheres, or inert gas 
atmospheres. The induction heating furnace is installed With 
a charging platform 1701, a pneumatically operated dis 
charging cylinder 1708, and a discharging platform 1704. 
Temperature is measured by using a pyrometer 1710 Which 
extends through a hole 1711. The hole 1711 extends through 
the concentrator 1706 and glass WindoW 1713 to the sprue 
1716 of the metal body 1712. 

FIG. 12 is a How chart of an exemplary automatic 
production line according to the present invention. The 
production line may produce high quality poWder metal 
lurgy components having a complex shape at a rate of more 
than 180 pieces per hour. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

The present method is exempli?ed above With reference 
to FIGS. 1(a)—1z). The illustrated method comprises ?fteen 
basic steps. Alternative molding and consolidation methods 
are also provided for accommodating various article manu 
facturings. Some of the ?fteen steps may not be necessary 
and some additional steps may be required, depending upon 
the exact method selected. The folloWing ?fteen steps rep 
resent one embodiment of the present invention but are not 
to be construed as limiting the scope of the invention: 

1. Patternmaking 
2. Selection of molding/pressure transmitting medium 

including, binder system 
. Mixing 

. Molding 

. Coremaking 

. Coating 

. Implanting and mold closing 

. PoWder preparation 

. PoWder feeding 

10. Degassing/debinding 
11. Encapsulation 
12. Consolidation 
13. Article separation 
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10 
14. Cleaning and other treatments 
15. Molding/pressure transmitting medium reclamation. 

A detailed description of each step is given beloW. 
1. Patternmaking 
A pattern is used to form the cavity of a mold/pressure 

transmitting medium. The pattern is surrounded by a mold 
ing material Which then assumes the inverse shape of the 
pattern. The pattern may be made of Wood, metal, plastic, or 
composite materials. The selection of a pattern material 
depends on many factors, such as the number of articles to 
be produced, the siZe and shape of the article, the molding 
and consolidation method to be used, and the dimensional 
accuracy required. 
Sometimes one or more core boxes are needed to make 

inserts or cores that are placed Within a mold cavity to form 
internal cavities Within an article. 

Patternmaking begins With determining the dimensions of 
an article required. Patterns should be oversiZed to compen 
sate for shrinkage or contraction of the article material 
during consolidation and cooling, and to compensate for any 
extra material to be removed from the machined surfaces of 
the article. 
2. Selection of Molding/Pressure Transmitting Medium and 
Binder System 

Ceramic, metallic, intermetallic and graphite particles, or 
their mixtures, With or Without additives, can be used as the 
mold media. Suitable ceramic particulates include silica, 
alumina, Zircon, olivine, alumino-silicate, Zirconia, 
magnesia, chromite, calcium carbonate, SiC, Si3N4, BN, and 
many other oxides, carbides and nitrides as Well as their 
mixtures. Castrite graphite sand is a typical example of 
graphite particles suitable for use as a molding/pressure 
transmitting medium. Fly ash, due to its spherical shape, 
?neness, and ceramic nature, is another candidate as 
molding/pressure transmitting medium for some applica 
tions. Metallic particulates include refractory metals, plus 
various steel and alloys. Other metallic particulates may ?nd 
some special usages. A mixture of different materials as a 
molding/pressure transmitting medium may provide unique 
properties to facilitate P/M production using the present 
method. The selection of a molding/pressure transmitting 
medium depends on many factors such as article materials, 
shapes, dimensions, surface ?nishings, molding methods, 
atmospheres, and consolidation methods. The additives can 
be organic or inorganic solids or liquids and are used for 
tailoring the mechanical, physical, electrical and chemical 
properties or for generating a special function such as 
controlling the atmosphere. For example, carbon ?nes and 
ammonia additives can react With air or decompose upon 
heating to generate a desired atmosphere surrounding the 
poWdered materials in a mold of pressure transmitting 
media. 
An integrated mold can be formed from the molding/ 

pressure transmitting media With a binder, by vacuum force 
or by a magnetic force. The binder can be an organic or 
inorganic binder With or Without additives such as plasti 
ciZers and stabiliZers. The organic and inorganic binders 
currently used in the foundry industry are preferred to 
produce pressure transmitting media and are mentioned in 
greater detail in Section 4 beloW. Silicon binders and other 
binders With good elasticity are also preferred because of 
their pressure transmitting properties. In some cases, binders 
and additives currently used in ceramic and metal injection 
molding are also applicable such as polystyrene, 
polyethylene, polypropylene, polyvinyl acetate, polymethyl 
methacrylate, agar, agarose, methylcellulose and Wax. 
Aluminate, phosphate, and silicate based binders may be 
suitable as Well. 
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According to one embodiment of the invention, preferred 
particulates include silica sand, graphite sand, Zircon sand, 
chromite sand, calcium carbonate sand, and olivine sand 
because of their relatively loW prices and common uses in 
foundry applications. According to one embodiment of the 
invention, preferred binders include sodium silicate systems, 
furan systems, and urethane systems. According to yet 
another embodiment of the invention, it is preferable to 
provide a ratio of betWeen 2 and 20 percent by Weight binder 
based on the Weight of particulates. 
Requirements for the molding/pressure transmitting media 

Particulates used according to the invention serve as 
molding materials and pressure transmitting media. The 
particulates may also serve other functions and act as a 
thermal insulator, thermal reservoir, heater, heat transmitting 
media, atmosphere control agent, or a sponge body to absorb 
liquids for fast drying. 

Basic desirable qualities to be considered for a mold 
medium include: 

a) Particulate shape, particulate siZe and siZe distribution 
b) High refractoriness 
c) LoW volatiles 
d) Compatibility With binder system 
e) Thermal conductivity 
f) Thermal expansion coefficient 
g) Electrical properties 
h) Mechanical properties at room and elevated tempera 

tures 

i) Chemical properties 
Affordability 

k) Availability 
1) Reclaimability 
m) Environmental friendliness 
As a molding material, the particulate siZe and siZe 

distribution determines the surface ?nish of a poWdered 
article. This is because the particulates either directly contact 
the poWders or separate from the poWders When used With 
a thin coating under high pressure. It is desirable to avoid 
penetration of the mold material and material of the article 
to be produced. Such penetration causes a rough surface of 
the article or mechanical sticking. Finer particulates an 
improve the surface ?nish. HoWever, ?ner particulates usu 
ally result in poor ?oWability, Which is not desired from a 
molding point of vieW. Finer particles also result in high 
strength after consolidation at an elevated temperature and 
high pressure, Which is not desired from separation point of 
vieW. Proper particulate siZes and siZe distributions can 
reduce the potential separation and surface roughness prob 
lems to a minimum. 
To provide a small friction coefficient betWeen 

particulates, spherical particulates are preferred. High 
refractoriness is generally desired for elevated temperature 
consolidations and can contribute to easy separation of 
articles from particulates and the reuse of the molding 
media. HoWever, sometimes a glassy phase is preferred at 
consolidation temperatures to achieve a better isostatic 
pressing condition resulting from the lubrication function of 
the glassy phase. 
LoW volatile materials are desired because (1) they have 

a stable volume from loW to high temperatures, (2) they are 
capable of having a fast heating rate and/or less degassing 
time, (3) they provide less contamination to the heating 
facilities and poWdered materials, and (4) they are environ 
mentally favorable. It is critical to get rid of volatiles before 
encapsulation for en encapsulation consolidation method, 
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12 
and it is also important to control the reaction betWeen the 
released gases and the poWdered materials at elevated tem 
peratures. For example, Water vapor caused by the release of 
crystal Water in a molding medium at elevated temperature 
may readily oxidiZe the metallic poWders in a mold of 
pressure transmitting medium. In such a case, either fused 
molding media should be used or carbon particulates should 
be added to the pressure transmitting media to react With the 
Water vapor and form a reducing atmosphere. 

In most cases, the mold of pressure transmitting medium 
is bonded With a binder to form a strong ?askless mold 
according to the invention. The strength is required to 
support the mold Weight, prevent scratches, and stand Wash 
ing and vibrations during Wet poWder feeding (FIG. 1(r)) or 
dry feeding (FIG. 4). The mold medium should be compat 
ible With a selected binder system to obtain good strength. 
The Whole bodies of pressure transmitting media in the 

present process are heated to elevated temperatures in 
furnaces, except When induction or microWave selective 
heating is used, as described beloW in Section 12.1.1. Heat 
is transferred through the mold to the inside poWdered 
material. If the thermal conductivity of the mold is loW, 
extended time is required to heat the inside poWdered 
materials to the desired consolidation temperature. Higher 
thermal conductivity is desired in this situation. During the 
transformation of pressure transmitting media from a fur 
nace into a die for compression, heat can be lost to sur 
rounding air or to the die. In order to keep the consolidation 
temperature of poWdered material before or during compac 
tion for longer time, loW thermal coef?cient materials are 
desired. The selection of mold medium With loW or high 
thermal conductivity depends on the heating and consolida 
tion methods, article materials, siZes, and other consider 
ations. In some cases, carbon or other materials Which can 
react With air to generate heat can be added into the mold 
medium to compensate for heat lost during mold transfor 
mation. 

Materials With loWer thermal expansion coefficients are 
generally preferred as mold medium because they offer 
better stabiliZation of the shape and dimensions of the mold 
during heating. HoWever, there are some cases in Which a 
similar thermal expansion coefficient of the mold and poW 
dered article material is desired to reduce the tendency of 
thermal stress. 

In most cases, electrical conductivity of a mold medium 
is not a major concern. HoWever, if there is a need to use a 
mold medium as a heater such as graphite or metal intended 
to be heated by induction current, directly applied voltage or 
by microWave heating, then electric properties of the 
medium are of concern. 

Hard and tough materials at room and elevated tempera 
tures are preferred as mold media in many cases to Withstand 
high pressure With limited or no breakage. HoWever, there 
are some exceptions. From the isostatic pressing point of 
vieW, solid particulates may have too much friction betWeen 
them during their relative movement, Which enables them to 
adjust themselves and introduce a good isostatic pressing 
condition through one or tWo compaction directions. Mold 
medium With good high temperature plasticity may instead 
be a better choice. Again, the selection depends on the 
requirements and consolidation method used. 
The molding/pressure transmitting media should be 

chemically inert With poWdered materials and encapsulation 
materials, otherWise a thick isolation coating is needed on 
the mold cavity surfaces. The media should also be stable at 
an elevated temperature. HoWever, unstable chemicals may 
be preferred for some applications. CaCO3 is an abundant 
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and cheap material and it decomposes at about 900° C. in air 
according to the equation: 

The resultant CaO has a melting point as high as 2614° C. 
After consolidation, the CaO mold is very easy to collapse 
in Water or even in air to form CaOH or CaCO3. The stability 
at room temperature, high refractoriness and easy collapse 
after decomposition make CaCO3 particulates a very attrac 
tive candidate as a molding medium for the ceramic poWder 
consolidations according to the present invention. 
Integrated solid as pressure transmitting media 

Integrated solids can be used as pressure transmitting 
media. Generally speaking, solid materials can be classi?ed 
as elastic, brittle, ductile, and plastic. Elastic materials are 
capable of large elastic deformation before breakage. Brittle 
materials have small elastic deformation and no or very little 
plastic deformation before fracture. Ductile materials can be 
deformed ?rst elastically and then plastically With strain 
hardening. Plastic materials have the capability of large 
plastic deformation Without strain hardening When a pres 
sure is applied Which is greater than their yield strengths. 

Apressure transmitting media as an integrated solid made 
of particulates and binders may be designed into three types: 
loW strength brittle molds, ductile molds and plastic molds 
at an elevated temperature, although all the molds may be 
brittle at room temperature. A loW strength brittle mold Will 
be disintegrated When high pressure is applied so that it 
transfers pressure as loose particulates. A particulate and 
binder system can be tailored to be a ductile or plastic body 
at a consolidation temperature With the yield strength high 
enough to support its oWn Weight, but much loWer than the 
applied pressure. This design of particulate and binder 
system is feasible, because it is easy to ?nd a ceramic 
material that has a brittle nature at room temperature, but 
Which is ductile or plastic at an elevated temperature, With 
the assistance of inorganic binders and other additives. One 
of the advantages of the present invention is the potential to 
apply very high pressure. The high pressure readily over 
comes the yield strength and deforms the mold body plas 
mically. Good plasticity is useful in establishing an isostatic 
pressing condition. 
3. Mixing 
Mold material precursors including particulates, binder 

and optional additives are charged into mixing equipment in 
a designed ratio and sequence. The mixing schedule is 
determined by the type of device used and the particulate 
and binder system selected. A continuous or a batch type 
muller is preferred. 

The transportation time from the mixing spot to the 
molding locations, and the storage time after completion of 
mixing and before molding, is critical to some particulate 
and binder systems, so they should be carefully controlled. 
4. Molding 

Molds can be made by any proper hand or machine 
operations according to the present method, but molding 
equipment and techniques currently used in the foundry 
industry are preferred. 

The molding processes used in the present invention are 
classi?ed as expendable mold processes, or permanent mold 
processes, depending on hoW many times the mold can be 
used. The molding processes Which are applicable in the 
present process include heat-cured resin binder processes, 
cold box resin binder processes, no-bake resin binder 
processes, silicate and phosphate bonds processes, plaster 
bond processes, no bond processes, lost foam and REPLI 
CASTTM processes, ceramic molding processes, and injec 

15 

25 

35 

45 

55 

65 

14 
tion molding processes. Each expendable mold process may 
have several sub-processes. Permanent molds are also used 
in the present process although they are quite different from 
the foundry permanent molds. 

In the present process a mold can be made of different 
particulates in the facing and backing regions of the mold. 
The advantage is to readily meet the individual requirement 
and save cost. 

Mold of pressure transmitting medium—shape and dimen 
sions 
The external shape and dimensions of a mold of pressure 

transmitting medium according to the present invention 
must be specially designed and controlled in order to 
achieve an isostatic pressing condition When pressure is 
applied from one, tWo, six or more directions on solid molds. 
The detailed explanations are given in Section 12 beloW, 
Where different compaction methods are described. 
Molding equipments 

Commercial available molding equipment can be utiliZed 
With modi?cations to produce small or large, and single or 
high volume products. The equipment can be classi?ed as 
jolt-type, jolt squeeZe, sand slinger, high pressure molding, 
and injection molding machines. The major modi?cations 
are to design and manufacture neW sets of auxiliary tools and 
devices Which can facilitate molding and handling the 
special shapes of the ?askless molds of pressure transmitting 
media. 
Metallic and ceramic mold container 

Special shapes or conventional shapes of containers may 
be needed to hold the pressure transmitting media Without 
changing shape after loosing its strength during decompo 
sition of an organic binder, if organic binders are used to 
bond the particulates together. The container can be made of 
metals for the encapsulation consolidation method described 
in Sections 11 and 12.4 beloW, or made of ceramics, or 
refractory metals for the other consolidation methods 
described in Sections 12.1, 12.3 and 12.4 beloW. The shapes 
and dimensions should be de?ned by the individual consoli 
dation method described in Section 12 beloW. The thickness 
of the container should be capable of Withholding the Weight 
of a mold of pressure transmitting medium according to the 
invention at an elevated temperature Without severe 
distortion, and deforming readily under high pressure in a 
die, if mechanical means are used to apply pressure. 
Heat-cured resin binder processes 
The shell, hot box, Warm box, and oven-bake processes 

are Within this category. The shell process is a process in 
Which a mold is formed from pressure transmitting particu 
lates coated With phenolic novolac resins and hexamethyl 
enetetramine. The coated, dry, free-?oWing mold particu 
lates are placed against a metal pattern heated at 150° C. to 
315° C. for 10 to 30 seconds. The resin curing causes the 
particulates to adhere to each other, forming a sturdy shell. 
After the shell has been cured and stripped from the pattern, 
and any required cores are set, the cope and drag halves of 
the mold are secured together. The integrated shell mold is 
placed in a container and backup material is added, and then 
the mold is ready to be ?lled With poWders. 

In the hot and Warm box processes, a liquid furan or 
phenolic binder and a latent acid catalyst are mixed With dry 
mold medium and fed into a heated box. Upon heating, the 
catalyst releases acid Which induces rapid cure. The result 
ing mold medium or core is removed Within 10 to 30 
seconds. After the medium or core is removed from the 
pattern, the cure is complete as a result of the exothermic 
chemical reaction and the heat absorbed by the core. 
The oven-bake process is used to produce a coated mold 

medium mix that has green strength. Green strength permits 














